The genus Ajuga, a member of the Lamiaceae family, is comprised of more than 300 species of annual and perennial herbaceous flowering plants mainly distributed throughout the temperate regions of Asia, Europe, Australia, North America and Africa. These plants are used as folk medicines effective for rheumatic fevers, dysentery, malaria, hypertension, diabetes and gastrointestinal disorders, as well as anthelmintic, astringent, febrifuge diuretic, antifungal and anti-inflammatory agents. A variety of constituents has been isolated from these plants. This review summarizes the phytochemical progress of the genus Ajuga and lists the compounds isolated up to 2014.
Introduction
The genus Ajuga, a member of the Lamiaceae family, is comprised of more than 300 species of annual and perennial herbaceous flowering plants mainly distributed throughout the temperate regions of Asia, Europe, Australia, North America and Africa. These species have been used as common house plants and are called bugle or bugleweed. They are mainly characterized by the color and shape of the flower. For example, the flower of Ajuga reptans is somewhat tall and blue, while that of Ajuga decumbens is short and purple. Many of these plants are of medicinal importance and are traditionally used as remedies for rheumatic fevers, dysentery, malaria, hypertension, diabetes and gastrointestinal disorders, as well as anthelmintic, astringent, febrifuge diuretic, antifungal and anti-inflammatory agents [1] . The genus Ajuga has attracted attention since the report in 1976 that Ajuga remota grown in Kenya is not attacked by African armyworms and contains three moderately strong antifeedants [2] . Since then, reports of the isolation of neoclerodanes and phytoecdysteroids, as the insect allelochemicals responsible for antifeedant activity from this genus, have appeared [3] . Several species of this genus have been chemically studied and a series of bioactive metabolites, including phytoecdysteroids, diterpenoids and iridoids have been isolated and characterized. Biological investigations demonstrate that some of these compounds display antibacterial [4] , antifungal [5] , antiplasmodial [6] , cytotoxic, antitumor promoting [7] , vasoconstricting [8] , insect molting inhibitory, insect antifeeding [9] and enzyme-inhibitory [10] activities. This review summarizes phytochemical progress of the genus Ajuga covering the literature up to 2014. In addition, some biological activities of compounds obtained from this genus are also listed.
Chemical constituents
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Phytoecdysteroids are widespread in the genus Ajuga. These compounds display interesting physiological activities such as insect molting activity and other hormonal functions involving regeneration, metamorphosis, reproduction and differentiation in all arthropods. These compounds play important roles for defense against phytophagous insects. They also display antiulcer, antirheumatic, insulin regulation and diuretic or tonic activities in mammals [34] . Some of the successful applications of plants in folk medicine can be explained by the occurrence of phytoecdysteroids. Compounds 1 and 2 are usually the most abundant phytoecdysones in the genus Ajuga, and they were reported in A. decumbens, Ajuga incisa, Ajuga turkestanica, Ajuga iva, Ajuga nipponensis, Ajuga chia, Ajuga chamaepitys and Ajuga multiflora [11] [12] [13] [16] [17] [18] . Compound 36 was reported as a 2-O-glucopyranoside [20] . Phytoecdysteroids bearing a γ-lactone ring at various positions, 41, 44 and 45, were also isolated [21, 36] . Derivatives with a δ-lactone ring, 3, 21, 23-25, 29, 37, and 46 were reported as well [14, 25, 27, 35, 36] . In addition, the reduced forms, 37 and 46 with a THP ring, and 38 and 40 with a THF ring, were isolated as acetals or hemiacetals [20, 21, 36] . Two other similar compounds with a THF ring 9 and 10, are biosynthesized from precursors via intramolecular hydration [22] . In addition, ajugacetalsterone C (39) has a rare 6,8-dioxabicyclo[3.2.1]oct-2-ene structure presumably formed by an intramolecular acetalization [21] . Fujimoto and co-workers summarized biosynthesis of ecdysteroids as well as sterols in Ajuga hairy root in detail [39] .
Withanolides (Table 2, Figure 2)
Withanolides are characteristic of Solanaceous plants, though there are rare reports on their isolation from other families. In 1999, Khan and co-workers isolated a new withanolide 47 from Ajuga parvifora. This is the first report of naturally occurring withanolides in Lamiaceae [40] . In subsequent studies on the chemical constituents of A. parvifora, the same research group obtained a series of new withanolides 48-56, along with known 57 [41] [42] [43] [44] [45] .
Other steroids (Table 3, Figure 3)
Compounds 61 and 67, two C 29 monohydroxy sterols, were isolated from A. reptans and their structures were elucidated by spectral methods [47] . From the aerial parts of Ajuga salicifolia, Akbay and co-workers isolated one new stigmastane-type sterol 72 and eight new sterol glycosides 70, 71, 73-78 [53, 54] . The whole plant of Ajuga relicta afforded two new steroids 79, 80, as well as two known compounds 61, 68 [49] . A steroidal glucopyranoside 64 was isolated from A. chamaepitys ssp. laevigata [51] . 
Triterpenoids (Table 4, Figure 4)
In 1997, two lupan triterpenoids 82 and 83 were isolated from the aerial parts of Ajuga macrosperma [56] . Oleananes 84 and 85 were two known triterpenoids isolated from A. relicta [49] . From A. chamaepitys ssp. laevigata, two ursanes and one oleanane 86-88 were isolated [51] .
Diterpenoids (Table 5, Figure 5)
Ajuga species are rich in diterpenoids. With respect to the carbocyclic skeleton, Ajuga diterpenoids roughly belong to two groups: neoclerodane and abietane types.
Neoclerodanes
Most of the neoclerodane diterpenoids produced by species of the genus Ajuga contain a substituted decalin with a 4α,18-oxirane ring and two oxygenated substituents bound to C(6) and C(19) [110] . The side chain features several moieties with the most common being: (i) a butenolide function (α-substituted α,β-unsaturated γ-lactone, or 13- ) of lupulin A (156) [99] was revised to be α by Huang and co-workers [106] . Consequently, hativene D (178) [104] is not 15-epi-lupulin (195) but lupulin (156). The structure of 15-epi-lupulin B (196) [64] with a 2β-OH group coincides with lupulin A 156.
Abietanes
A new abietane diglucopyranoside 234 was isolated from the whole plants of A. decumbens [108] . In the course of the search for bioactive metabolites with anticancer effects, Wang et al. isolated four new rearranged abietane hydroquinones 235-238, together with two known abietanes 232 and 233 from the aerial parts of A. decumbens collected in China [7] .
Sesquiterpenoids (Table 6, Figure 6)
Only a few other sesquiterpenoids, bisabolene, eudesmanolides and seco-sesquiterpenoids, were reported. Compound 246, a bisabolene sesquiterpenoid, was isolated from the aerial parts of A. decumbens [7] . Research on Ajuga forrestii resulted in the isolation of four eudesmane sesquiterpene lactones 247-250. Among them, compounds 247-249 are new. Compound 249 exhibits weak cytotoxic activity against HepG2 and MCF-7 human cell lines [109] . Four megastigmane derivatives 251-254 and 257 were isolated in 2012 [7, 112] . A new ionone glycoside 255 was also isolated from this plant. This is the first report of the occurrence of ionone glycosides in Ajuga species [111] .
Monoterpenoids (Table 7, Figure 7)
Major monoquiterpenoids isolated from the genus Ajuga belong to iridoids. In 1974, Guiso and co-workers isolated three iridoid glucopyranosides 258-260 from A. reptans. Compound 259 is an 8-O-acetyl derivative of 260 and a 6-epimer of 8-O-acetylmioporoside 271 [113, 117] . Four new iridoid glucopyranoside cis-and trans-p-coumaroyl esters 263-266 were isolated from methanol extract of the dried plant of A. decumbens, together with the known compounds 258 and 262 [116] . Compound 270, isolated from the leaves of Ajuga pseudoiva, possesses an unusual 13-membered macrocyclic structure [121] .
Flavonoids (Table 8, Figure 8)
Flavonoids 288-305 including flavones and flavonols isolated from the genus Ajuga are outlined in Table 8.   89  90  93  97  106  107  110  111  112  113  114  115  116  118  119  120  121  122  123  124  125  126  130  131  132  133  134  136  137  142  143  144  145  146  147  166  167  169  179  180  183  186  187  188  190  191  197  198 199 222 Figure 9) From the leaves of A. iva, three new homologous 1,3-diglycerides 331-333 and compound 339 were obtained. In 1986, Takasaki and co-workers isolated three phenethyl alcohol glycosides 323-325, including a new derivative 323 [108] . A phenylalanine derivative 346 was isolated from this plant recently [96] . In addition, Yu and co-workers isolated a phthalic ester 321 from the aerial parts of A. multiflora [18] .
During the search for bioactive metabolites from A. pseudoiva leaves, Ben and co-workers isolated five novel monoglycerides 334-338, two novel cinnamic acids 318, 319 and one new steroid 63, along with five known compounds 61, 62, 331-333. Three compounds 331-333 show significant antifeedant activity, which might be associated with the presence of two β-hydroxyalkanoic moieties in each compound [38, 48, 50, 132] . A phytochemical investigation on A. parviflora resulted in the isolation of quinols 306-312 and pyrrolizidine alkaloids 343-345. Derivatives 306-308 are new compounds. Compound 309, isolated previously from the leaves and branches of Jacaranda species, display cytotoxic and antitumor activities. Three pyrrolizidine alkaloids 343-345 were reported for the first time from this plant [44, 45, 128, 129] .
The plant of Ajuga bracteosa afforded several new compounds including unsaturated ketone 341, phthalic [127] ester 322, phenolic compound 320, two sphingolipids 352, 353 and a long-chain polyhydroxy acid 342 [10, 130, 134] .
Biological activity Antifeedant and larvicidal activity
A neoclerodane 103 was isolated from the leaves of A. decumbens as a feeding stimulant for Athalia rosae ruficornis [75] . Three new neoclerodanes 164, 168, 169 were isolated from the aerial parts of A. reptans cv. catlins giant. Insect antifeedant testing revealed that 168 has significant activity against sixth stadium larvae of Spodoptera littoralis [67] . A series of active clerodanes 104, 156, 175-177 were isolated from the acetone extract of A. pseudoiva leaves by bioassay-guided chromatography. The behavioral responses of Spodoptera littoralis larvae to all clerodanes showed strong antifeedant activity at 100 to 1 mg/L. In addition, this study also indicated that a methoxy group at C(15), either in the α-or β-position, might decrease antifeedant activity [9] .
Manguro and co-workers tested larvicidal activity of the extracts of A. remota using second instar Aedes aegypti larvae [123] . Figure 9 Polyketides and alkaloids.
chloroquine-resistant (W2) strains [6] . An excellent review article summarizes antimalarial activity of compounds contained in A. remota and A. bracteosa [135] . 
Anti-inflammatory activity

Hypoglycemic activity
Ajuga iva has been used as traditional medicine to control diabetes mellitus for many centuries. In 2002, a study to examine the hypoglycemic effect of A. iva was carried out, and the results demonstrated that A. iva aqueous extract exhibits strong hypoglycemic activity. Lyophilized aqueous extract of A. iva whole plant was found to decrease plasma glucopyranose levels of streptozotocin-induced diabetic rats from 337 to 102.2 mg/dL after 6 h of oral administration. Furthermore, repeated oral administration significantly reduced plasma glucopy ranose levels after 1 week of treatment (112 mg/dL at 1 week vs. 337 mg/dL at the baseline values) [137] . 
Cytotoxic activity
Antioxidative activity
Bouderbala and co-workers studied the effect of A. iva aqueous extract on lipid peroxidation and antioxidant enzyme activity in hypercholesterolemic rats. The results showed that A. iva extract is more effective at improving RBC antioxidant capacity relative to that of tissues. In addition, A. iva aqueous extract can reduce oxidative stress, which may prevent lipid peroxidation in hypercholesterolemic models by increasing antioxidant enzyme activity [138] .
Vasorelaxant activity
El-Hilaly and co-workers investigated vascular activity of A. iva aqueous extract in normotensive Wistar rats. The aqueous extract displayed NO-mediated and NO-independent vasorelaxing properties in vitro. The A. iva extract contains more than one active compound. One of these compounds is responsible for inhibition of noradrenaline evoked contraction. Another compound was identified in vitro as a transient NO-dependent relaxation [8] .
Conclusions
The plants of the genus Ajuga are widely distributed globally and many of these plants are used as traditional herbal medicines. The compounds isolated from this genus exert a broad spectrum of biological and pharmacological activities, however, our review indicates that phytochemical investigation has mainly focused on a few species. Further studies on the remaining species, their constituents and biological activities, should be carried out.
